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Biophysical Chemistry, Go¨ttingen, GermanyABSTRACT Synaptic vesicles need to be mobile to reach their release sites during synaptic activity. We investigated vesicle
mobility throughout the synaptic vesicle cycle using both conventional and subdiffraction-resolution stimulated emission deple-
tion ﬂuorescence microscopy. Vesicle tracking revealed that recently endocytosed synaptic vesicles are highly mobile for
a substantial time period after endocytosis. They later undergo a maturation process and integrate into vesicle clusters where
they exhibit little mobility. Despite the differences in mobility, both recently endocytosed and mature vesicles are exchanged
between synapses. Electrical stimulation does not seem to affect the mobility of the two types of vesicles. After exocytosis,
the vesicle material is mobile in the plasma membrane, although the movement appears to be somewhat limited. Increasing
the proportion of fused vesicles (by stimulating exocytosis while simultaneously blocking endocytosis) leads to substantially
higher mobility. We conclude that both high- and low-mobility states are characteristic of synaptic vesicle movement.INTRODUCTIONThe major principles of synaptic vesicle function have been
established by more than five decades of synaptic research.
Synaptic vesicles fuse at active zones, thereby releasing their
neurotransmitter onto postsynaptic receptors, and are subse-
quently endocytosed and refilled with neurotransmitter
(in what constitutes synaptic vesicle recycling (1)). Although
the processes of exo- and endocytosis have been described in
molecular detail, the general mobility of the vesicles is less
well understood.
The current view of synaptic vesicle mobility in the
synaptic vesicle cycle is still largely based on hypothetical
assumptions, some of which have never been directly tested
(see model in Fig. 1 A). Four stages can be defined: i), the
synaptic vesicles are immobile at rest; ii), during stimulation
vesicles move toward the plasma membrane and fuse with it;
iii), after fusion the vesicle material diffuses laterally in the
plasma membrane; and iv), the synaptic vesicle is endocy-
tosed and actively moved back onto the vesicle cluster
(note that the vesicle cluster is defined as an accumulation
of vesicles, typically found in front of the active zones).
Below, we present the current evidence regarding the
different stages.
i. At rest, the synaptic vesicles are immobile. This hypoth-
esis has been confirmed by numerous observations. For
example, electron microscopy revealed vesicles that
were tightly packed and interlinked (2), suggestive of
low mobility. Vesicle clusters labeled via styryl (FM)
dyes in preparations such as the frog neuromuscular junc-
tion (3) and hippocampal cultured neurons (4) were stableSubmitted November 10, 2009, and accepted for publication April 20, 2010.
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0006-3495/10/07/0675/10 $2.00in time. Movements were rarely detected (5) unless non-
physiological treatments, such as incubation with the
phosphatase inhibitor okadaic acid (6,7), were used. Fluo-
rescence recovery after photobleaching (FRAP) studies
confirmed the immobility of vesicles at rest (8), and
further confirmation was provided by fluorescence corre-
lation spectroscopy investigations (9–11).
ii. Movement of the vesicles toward the plasma membrane is
still part of the current dogma regarding synaptic vesicle
recycling, although no such movement has been observed
in either conventional imaging of vesicle clusters labeled
with FM dyes (12) or in FRAP studies (8). Moreover, one
study in which only one vesicle was labeled per synapse
and then tracked both at rest and during stimulation (13)
indicated that movement was low in both cases.
iii. Movement of the fused vesicle material in the plasma
membrane has never been directly investigated, mainly
due to technical issues (for example, FM dyes are lost
from the vesicles upon fusion). Some evidence was ob-
tained from tagging synaptic proteins with pH-sensitive
variants of GFP (pHluorins), which fluoresce only
when the vesicles are fused to the plasma membrane
(pHluorin molecules contained within the vesicles are
quenched by the low pH of the vesicle). Movement of
fused pHluorin-tagged proteins out of synapses and
into the axons has been detected during prolonged
high-frequency stimulation (14), but it is not clear
whether this also happens under physiological stimula-
tion, nor is it clear how the fused material moves
(or whether it moves at all) under resting conditions.
iv. Movement of the vesicles back onto the vesicle cluster
has never been imaged directly. One FRAP study in
which vesicles were labeled with fluorescently labeled
anti-synaptotagmin antibodies suggested that endocy-
tosis may cause vesicle movement and fluorescencedoi: 10.1016/j.bpj.2010.04.054
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FIGURE 1 Mobility of synaptic vesicles is
reduced after prolonged incubation. (A) Model of
mobility in the vesicle cycle as commonly hypoth-
esized in the literature. The vesicles are immobile at
rest (i) and move toward the active zone upon stim-
ulation (ii). Vesicle material may diffuse in the
membrane after fusion (iii) before endocytosis
brings the vesicle back into the cluster (iv). Vesicles
may also move from one cluster to another in the
axon (v). (B) Synaptic vesicle motion within an
axon. Synaptic vesicles (shown in red) were labeled
in cultured rat hippocampal neurons by anti-synap-
totagmin monoclonal mouse antibodies. To give
a clearer indication of the axon position, the mito-
chondria (shown in green) were also labeled by pre-
incubation with 100 nM Mitotracker Green FM.
The neurons were then imaged almost simulta-
neously in both the mitochondria (confocal) and
synaptic vesicle (STED) channels (18 frames in
the vesicle channel, followed by two frames in the
mitochondria channel). Whereas individual STED
frames taken at 28 frames/s show the instant loca-
tion of the vesicles (left panel), summing all frames
in the 22-s-long movie gives a good indication of
the preferred moving areas (second panel from
left). The brighter spots accumulate here around
the smaller mitochondrial labeling site, at the side
of the axonal mitochondrial tract, strongly suggest-
ing that the area is a functional synaptic bouton.
Scale bar: 250 nm; pixel size: 30  30 nm2; dwell
time: 3.7 ms at the center, increasing to the side. (C)
Quantification of vesicle speed. The histograms
show median trace speeds (median of the frame-
to-frame speeds within one trace of a tracked
vesicle) in the bouton-like and axonal areas. Note
the higher speed in the axonal area, in accord
with our previous findings (16). (D and E) Consec-
utive frames of a STED movie after digital filtering.
These images show well-resolved synaptic vesicles
stained against synaptotagmin and imaged within
5 min (D) or after 2 h of incubation (E). The gray
panels show the difference images between the first
and second frames. Scale bar: 250 nm; pixel size:
15  15 nm2; dwell time: 0.93 ms at the center,
increasing to the side. (F) Histogram of median
trace speeds of synaptic vesicles in different condi-
tions. Neurons imaged shortly after labeling are
indicated in green. Neurons incubated at 37C for 2 h before imaging are indicated in red. As a control, neurons mock-labeled (with buffer only), incubated
for 2 h, and then labeled and imaged within 3–40 min are shown by the punctuated blue line. Aldehyde-fixed preparations are shown by the punctuated black
line. For clarity, the error bars are not shown (see Fig. S1). Each histogram consists of 20,000–40,000 vesicle traces. (G) Boxplot of median trace speeds,
showing the intersample variability. The red middle line gives the median (averaged over different samples) of the median trace speed within the different
movies. The left and right ends of the boxes give the lower and higher quartiles, respectively. Boxes whose notches do not overlap have statistically different
medians at a 5% significance level.
676 Kamin et al.recovery (7), but no dynamic imaging was performed to
analyze the potential movement.
Finally, one more step was recently added to the classic
schema: intersynaptic vesicle exchange (v), which Darcy
et al. (15) noted by photobleaching entire boutons and moni-
toring the fluorescence recovery. The relation of this observa-
tion to general vesicle recycling is not well understood,
although it is generally thought that the movement along the
axon must be faster than the movement within the synapse.Biophysical Journal 99(2) 675–684In an attempt to obtain a better understanding of the
movement of synaptic vesicles, we recently introduced stim-
ulated emission depletion (STED) microscopy to synaptic
studies (16). In STED microscopy, a laser beam that excites
fluorescent probes in the focal area is overlapped with
a second, usually doughnut-shaped beam that switches off
the fluorescence ability of the molecules. As a result, fluores-
cence originates only from the center of the excitation spot,
where the intensity of this STED beam is close to zero. The
effective focal volume generating the signal is thus much
Mobility in the Synaptic Vesicle Cycle 677narrower than the diffraction-limited excitation spot, leading
to significantly higher resolution. Tracking multiple synaptic
vesicles simultaneously allowed us to note that although
many vesicles could be described as stable, many (or most)
were mobile (16), in contradiction to the lack of mobility
observed in the literature (see above). The vesicle mobility
did not appear to change upon depolarization with Kþ;
however, since we were only able to investigate motion at
a substantial time point after the addition of Kþ (minutes),
we may have missed effects that were only visible at the
onset or offset of stimulation.
To extend our initial observations and provide a thorough
view of the multiple steps involved in synaptic vesicle recy-
cling, we conducted a descriptive study of vesicle mobility.
We found that only the recently endocytosed vesicles were
mobile, whereas resting vesicles were essentially stable.
Neither of these two pools showed a change in mobility
upon physiological stimulation. Finally, an investigation of
synaptic material fused onto the plasma membrane suggested
that this material is surprisingly slow in its movement.MATERIALS AND METHODS
Primary cultures and labeling
Primary cultures of neonatal rat hippocampal neurons were prepared as
described previously (17). For labeling, the neurons were incubated for
5 min with anti-synaptotagmin monoclonal mouse antibodies (604.2) on
ice (for selective surface staining), diluted in a Tyrode solution (17). They
were briefly washed and incubated for 8 min with a dilution of Atto647N-
labeled anti-mouse Fab fragments. The neurons were again washed, trans-
ferred to the microscope, and imaged in Tyrode solution for typically up to
30–40min (No Incubation) or placed back in growth medium in a 37C incu-
bator for later imaging (Incubation). Incubated cells were taken out of the
incubator, transferred to the microscope, and imaged in Tyrode solution at
room temperature, again for up to 30–40min.Mitochondrial labelingwas per-
formed by incubating the cultures with 100 nM Mitotracker Green FM at
37C in growth medium. After 15 min the cultures were washed with Tyrode
buffer and labeled with anti-synaptotagmin monoclonal mouse antibodies as
described above. Fixed cells were prepared (after labeling) by incubation for
60 min with 3% glutaraldehyde and 2% paraformaldehyde. (Antibodies
directly labeled against synaptotagmin can be used in the assay as well,
although labeling with Atto647N generally compromises their ability to
bind specifically. However, one recently obtained batch appears to be specific
and was used in the experiment presented in Fig. 5.) Stimulation was per-
formed using a platinum plate electrode (8 mm distance between the plates),
and 100 mA shocks were delivered using an A310 Accupulser stimulator
(World Precision Instruments, Berlin, Germany) at 20 Hz for 2 s.Microscopy
Confocal fluorescence microscopy and FRAP were performed with a Leica
TCS SP5 STED confocal microscope using a 100, 1.4 numerical aperture
HCX PLAPO CS oil objective (Leica Microsystems, Mannheim, Germany).
Excitation of Atto647N was achieved with a Helium-Neon laser at 633 nm,
and fluorescence was detected in the spectral range of 641–750 nm. Immu-
nohistochemistry was performed as previously described (17), with the
exception that methanol fixation was used for GluR1 and synapsin. STED
microscopy was performed as previously described (16) (see the Supporting
Material for details).STED data analysis
The positions of the vesicles were automatically determined in each frame as
follows: all frames were first preprocessed to extract the areas containing
vesicles. For this, we deconvolved each frame with a Gaussian function
with a full width at half-maximum of 60–100 nm and a moderate quadratic
potential regularization (18). This resulted in smooth images with unbroad-
ened (undisturbed) structures. We then applied a low threshold, which elim-
inated background areas and delivered the areas in which the vesicles were
contained. To determine the number of vesicles in each area, we divided the
number of photons from each area by the average brightness of the vesicle
(the average vesicle brightness, i.e., the mean number of photons detected
from a single vesicle, was roughly determined by inspection of single vesi-
cles in several movies). On average, each area above the threshold contained
~2 vesicles. We then performed a fit of the positions of the vesicles in the
area. The fit modeled a variable number of vesicles (each with its own posi-
tion and brightness) in the area, in the presence of modeled shot noise.
To avoid overfitting (i.e., to avoid obtaining too many vesicles), we applied
a penalty in the model, such that the modeled vesicles were not allowed to
deviate strongly from the average vesicle brightness. We verified the
strength of the penalty (the amount of deviation from the average vesicle
brightness that was allowed by the fit) by manually inspecting the vesicle
position/brightness produced by the fit in several movies. By collecting
the data (vesicle number and positions) over all areas and frames, we ob-
tained the final position map of localized vesicles for each movie. Some
movies were evaluated with a faster algorithm, which yielded essentially
the same results for the object localization. Raw images were first filtered
by a 120 nm Gaussian. The locations of local maxima were taken as the
object positions. Local maxima with intensities < 14% of the intensity of
the brightest object in the image series were discarded. All localized objects
were then tracked as described previously (16) (see the Supporting Material
for details).Confocal data analysis
All data analyses of the confocal and epifluorescence images were per-
formed using routines written in MATLAB (The MathWorks,
Natick, MA), as described in the Supporting Material.RESULTS
STED microscopy demonstrates that recently
endocytosed vesicles are mobile and the resting
vesicles are largely stationary
In our previous study of synaptic vesicle movement (16), we
identified a high level of vesicle motion at rest, which largely
contradicted previous investigations (see Introduction). One
experimental difference between our study (16) and most
others is that we investigated vesicle motion shortly after
endocytosis, i.e., we focused on the recently endocytosed
pool of vesicles. Thus, it is possible that the recently endocy-
tosed vesicles were more mobile than all other vesicles.
To investigate this, we labeled hippocampal cultures with
monoclonal antibodies directed against the intravesicular
domain of synaptotagmin. The antibodies were briefly
applied to the neurons on ice (~2C), which resulted in
labeling of the synaptic vesicles that were fused to the
plasma membrane (and therefore open to the outside space).
To visualize the monoclonal antibodies, we then briefly incu-
bated the cultures with anti-mouse Fab fragments coupled toBiophysical Journal 99(2) 675–684
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FIGURE 2 Stabilization of vesicles after incubation. (A) Preparations
were either imaged shortly after endocytosis or incubated for 2 h at 37C,
and averaged images were obtained from the movies. Scale bar: 250 nm.
(B) The time spent by each vesicle in hot spots was quantified as a fraction
of the time the particular vesicle was tracked. The graphs show histograms
from 1670–9850 tracks. Note that the incubated preparations are almost
indistinguishable from aldehyde-fixed preparations.
678 Kamin et al.the dye Atto647N (see the Supporting Material for details).
The labeling is specific for synaptic vesicles, which are
rapidly endocytosed within 2–5 min after switching to
room temperature (16). Imaging was performed with
a STED setup (16,19) as described in the Supporting
Material.
We first tested our previous observations that recently
endocytosed vesicles are highly mobile (16). As shown in
Movie S1, these vesicles are indeed mobile (see also
Fig. 1 B). Moreover, by quantifying vesicle movement with
single-particle-tracking procedures, we were able to demon-
strate, as in our previous work, that movement is lower in
synaptic areas than in the axon (Fig. 1 C). Therefore, these
vesicles conform to some extent to the classical model,
which holds that movement is slower in the synapse
compared to the intersynaptic movement (which takes place
in the axon), although the generally high rates of movement
constitute a clear discrepancy.
To determine whether the high movement is characteristic
of only the recently endocytosed pool, we incubated the
preparations for 2 h (37C) after labeling, a time period
that is long enough to permit the functional mixing of
recently endocytosed and resting vesicles (20). The move-
ment was substantially lowered (Fig. 1, D and E, and
Movie S2). The change in vesicle movement with incuba-
tion was all the more evident when difference images
were generated between subsequent frames (gray panels
in Fig. 1, D and E). Quantification of the vesicle speeds indi-
cated that before incubation the vesicles were highly mobile,
and after incubation their mobility was almost indistinguish-
able from that of aldehyde-fixed preparations (Fig. 1, F
and G). The difference between the two vesicle mobility
states is significant (p ¼ 2.5  104, Wilcoxon’s rank
sum test; see also Fig. S1, where all curves are indicated
with the corresponding error bars). As a control, we
mock-labeled preparations, which is the same treatment
used for normal labeling without the addition of antibodies,
and incubated them for 2 h (37C) before finally labeling
them with anti-synaptotagmin antibodies as described
above. The mobility of these vesicles was identical to that
of control (nonincubated) preparations (Fig. 1, F and G),
demonstrating that the labeling/incubation procedure does
not affect general vesicle movement, and thus the observed
difference is not a labeling artifact.The decrease in motion is associated
with integration within clusters
The immobilization of the vesicles can also be described by
using a running average analysis of the movies (16). The
areas in which vesicles move randomly appear as blurs,
whereas the areas in which vesicles are stationary result in
high-intensity or ‘‘hot’’ spots (16). The hot spots appear to
be subunits of the vesicle clusters (the vesicle clusters
contain several hot spots, as exemplified in Fig. 1 B). AsBiophysical Journal 99(2) 675–684indicated in our previous publication, the hot spots may be
seen as pockets in the synaptic vesicle clusters where the
vesicles are likely to bind and remain stationary (16). There-
fore, a vesicle incorporated in a hot spot is automatically part
of the vesicle cluster. We quantified the time spent by the
vesicles in hot spots (Fig. 2, A and B) and found that it
increases dramatically in incubated preparations, with the
vesicles becoming essentially stationary, as in the alde-
hyde-fixed preparations.
To further analyze the location of the sequestered vesicles
in vesicle clusters, we investigated the colocalization of the
labeled vesicles with a number of synaptic markers, both
before and after 37C incubation. We labeled the cultures
with antibodies against synaptotagmin as above (Fig. 3 A,
red), and then fixed and permeabilized them. We subse-
quently immunostained the preparations for several general
vesicle markers (synaptophysin, synapsin, and Rab3) and
active zone markers (Munc 13, bassoon, or postsynaptic
glutamate receptors (1)). Because the general vesicle
markers are found on all vesicles, they serve as optimal
markers for accumulations of vesicles (i.e., for the vesicle
clusters as defined in the Introduction).
Typical images for synaptophysin are shown in Fig. 3 A
(green). See Fig. S2 for typical images of all other markers
(note also that the general appearance and fluorescence of
the synaptotagmin-labeled axons does not change substan-
tially during incubation, i.e., the vesicle marker is not lost
upon incubation). A visual investigation suggests that the
synaptotagmin-labeled vesicles show a higher degree of co-
localization after incubation with both the general vesicle
markers and active zone markers. This impression was
confirmed by an investigation of the intensity line profiles
through the axons (Fig. 3 B). The Pearson’s correlation coef-
ficient between the line profiles in the synaptotagmin and
vesicle cluster/active zone marker channels (Fig. 3 C)
increased after incubation for all immunostains. This
suggests that the vesicles are loosely associated with the
clusters after endocytosis, and integrate fully only after incu-
bation. This hypothesis is confirmed by the finding that
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FIGURE 3 Vesicle integration in clusters after
incubation. (A) Colocalization of anti-synaptotag-
min-labeled vesicles with synaptophysin. Neurons
were stained as described against the lumenal
domain of synaptotagmin (Syt, red channel), and
fixed either after a 20-min rest period (left panels,
No Incubation) or after 2 h of incubation (right
panels, Incubation). They were then permeabilized
and immunostained for the synaptic vesicle marker
synaptophysin (Syph, green channel). Imaging was
performed by confocal fluorescence microscopy.
After incubation, a higher colocalization is visible
in the overlay, although many synaptic boutons
costain for the two markers in both conditions.
Scale bar: 1 mm. Note that the fluorescence gain
in the synaptophysin channel has been adjusted so
that the vesicle clusters are not saturated; this
implies that the signal from single vesicles is diffi-
cult to distinguish from background. Thus, the syn-
aptophysin signal from synaptotagmin-positive
vesicles found away from the clusters is hardly
visible. (B) Line profiles of fluorescence intensity
(in arbitrary units (AU)) of synaptophysin (green)
and synaptotagmin (red) along the axons of the cor-
responding images in the left and right panels.
Cross-correlation of these profiles was used for
the analysis shown in C. (C) Correlation between
live-stained synaptotagmin and immunostained
neuronal markers. The preparations were stained
using antibodies against synaptic vesicle markers
(synaptophysin, synapsin, and Rab3), active zone-
associated proteins (Munc 13 and bassoon), post-
synaptic receptors (GluR1), membrane SNARE
proteins (SNAP-25), and cytoskeletal elements
(tubulin). Line profiles (as in B) were obtained
and Pearson’s correlation coefficients were calcu-
lated (No Incubation, dark gray; Incubation, light
gray). The two right-most bars indicate positive
controls for the correlation coefficient analysis: im-
munostaining of all vesicles for both synaptotagmin
and synaptophysin (Syt-Syph), or immunostaining
for synaptophysin using a mixture of Cy3- and Cy5-labeled secondary antibodies (Syph-dual-color). The bars show the mean5 SE from at least three inde-
pendent experiments for each condition. Typical colocalization patterns for all of the different immunostainings are shown in Fig. S2.
Mobility in the Synaptic Vesicle Cycle 679vesicle colocalization with tubulin decreases, in agreement
with the fact that tubulin is more abundant in the axon
than within the vesicle clusters (2). We found no change
in the colocalization with a membrane protein whose locali-
zation is independent of the synaptic vesicle cluster
location (SNAP-25 (21)), confirming the accuracy of our
measurements.
These results suggest that synaptic vesicles undergo
a change, or maturation process, that results in a strong
decrease in mobility, and in their integration within preexist-
ing vesicle clusters.
Of interest, the exchange of vesicles between synapses
(the intersynaptic exchange) was similar for both the incu-
bated and nonincubated preparations (for both recently endo-
cytosed and resting vesicles). This observation, based on
FRAP imaging of the different conditions (Fig. S3), suggests
that basic vesicle mobility and intersynaptic exchange (22)
are governed by different mechanisms.Electrical stimulation has no detectable effects
on vesicle mobility
Arguably, the most important event in a synaptic vesicle’s
lifetime is exocytosis. However, as indicated in the Introduc-
tion, it is still unclear what the effects of stimulation are,
because although the hypothetical model suggests that
motion should take place upon stimulation, no such motion
has yet been observed. Moreover, it is difficult to predict
how stimulation will affect different (recently endocytosed
versus resting) vesicles.
We analyzed synaptic vesicles before and during stimula-
tion. We restricted our investigation to a short, high-intensity
stimulation procedure (20 Hz for 2 s) that is known to cause
recycling of the readily releasable pool of synaptic vesicles
(23). In a previous study using this procedure (24), we
observed that ~19% of the vesicles were recycled (note
also that ~50% of the vesicles are nonreleasable in thisBiophysical Journal 99(2) 675–684
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FIGURE 4 Effects of electrical stimulation on
vesicle mobility. (A and B) Left panels show a series
of frames during stimulation for nonincubated (A)
and incubated (B) preparations. Gray panels show
the difference images between the first and second
frames. Scale bar: 250 nm. Graphs show the histo-
grams of median trace speeds. Values during stim-
ulation are shown in blue, and values in the absence
of stimulation are shown in black. Each histogram
contains 550–730 values. (C) Analysis of vesicle
mobility independent of tracking. The intensity in
difference images was calculated for each (raw
data) frame of the movie, normalized to the frame’s
intensity. As the frames become dimmer with
bleaching, the difference images tend to appear pro-
portionally brighter (hence the upward trend in the
curves). The plots were smoothed by applying a
15-frame moving average. The graphs show the
mean5 SE from 20 (No incubation) and 51 (Incu-
bation) movies. Note that no substantial change in
this measurement appears at the onset/end of stimu-
lation (indicated by dotted lines). (D) Neurons were
labeled against synaptotagmin and were then incu-
bated with tetrodotoxin (TTX, 1 mM) for 10 min at
room temperature. The series of panels shows three
frames of a typical movie. The gray panel shows the
difference image between the first and second
frames. Scale bar: 250 nm. The graph shows a histo-
gram of median trace speeds for the TTX incubation
(2490 values, blue) compared with the control
condition (without tetrodotoxin, black).
680 Kamin et al.preparation). Stimulation did not seem to affect the mobility
of either the recently endocytosed vesicles or the resting ones
(see also Movie S3), and vesicle tracking indicated no
substantial increase (or decrease) in motion during stimula-
tion (Fig. 4, A and B). As a second, independent measure
of vesicle movement, we calculated the difference images
between subsequent frames of the movies for both the
recently endocytosed and resting vesicles. The intensity in
the difference images (after normalization to the intensity
of the movie frames) is a direct measure of mobility, as stable
vesicles report substantially smaller differences from one
frame to the next (see gray panels in Fig. 4, A and B). No
change in the difference image intensity was observed
upon the onset or end of stimulation, suggesting that stimu-
lation leaves most vesicles unaffected (Fig. 4 C).
To investigate the converse process, i.e., whether inhibit-
ing synaptic activity affects motion, we incubated the prepa-
rations with tetrodotoxin (TTX, 1 mM) for 10 min after
labeling (Fig. 4 D, Movie S4). Of interest, a decrease in
motion was observed (Fig. 4 D). Thus, the recently endocy-
tosed vesicles may switch more rapidly toward the clusterBiophysical Journal 99(2) 675–684integration pathway under conditions of inactivity; in other
words, activity may keep the mobile vesicles in motion.Mobility of synaptic vesicle material on the plasma
membrane
After exocytosis, the synaptic vesicle material finds itself in
the plasma membrane. This process is not easy to image,
because the vesicles are endocytosed relatively rapidly
(16). However, since endocytosis is calcium-dependent, it
can be inhibited by a reduction in the concentration of diva-
lent ions (25,26). This allows the investigation of a small
amount of vesicle material that remains on the surface and
corresponds to the fused vesicles found at equilibrium.
To increase the number of fused vesicles (through stimula-
tion), vesicle fusion must be induced by a means that is inde-
pendent of depolarization (i.e., independent of calcium entry
into the nerve terminals, which in turn would also trigger
endocytosis). One possible approach is to use black widow
spider venom (BWSV) (27), which causes synaptic release
in a calcium-independent fashion. A second possibility is
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FIGURE 5 Mobility of fused synaptic vesicle material. (A) Experimental
schematic. Inhibiting endocytosis by removing divalent ions allows specific
imaging of the surface pool of synaptotagmin (left). Additional stimulation
(via BWSV or caffeine) increases this pool (right); note that the increase in
stimulation induced by BWSV is larger than that induced by caffeine. (B)
Quantification of the surface pool of synaptotagmin. Preparations were incu-
bated with BWSV or caffeine, or placed in divalent-free Tyrode before
surface staining with an Oyster-550-labeled anti-synaptotagmin antibody
(green). At different time points after staining, we fixed the preparations
and labeled the antibodies remaining on the surface using a Cy5-coupled
secondary antibody (red). Scale bar: 5 mm. The relative amount of antibody
on the surface was determined and expressed as a percentage of the control
condition (fixed immediately after labeling). The bars show the mean5 SE
from three independent experiments for each condition. The dotted line indi-
cates the amount of synaptotagmin left exposed in control conditions after
only 2 min of incubation (16). Note that for all time points considered, all
three conditions allow a large fraction of synaptotagmin molecules to remain
on the surface instead of being endocytosed, with the effect being strongest
in the case of caffeine treatment. (C) Movement of synaptotagmin on the
plasma membrane. Neuronal cultures were incubated with BWSV or
caffeine, or placed in divalent-free Tyrode buffer before labeling and
imaging (as above). Three consecutive frames are shown for each condition
(top, BWSV; middle, caffeine; bottom, no divalents). The gray panels show
summed movie images, obtained by summing 500 frames. Note the presence
of several bright spots, indicative of preferred areas (where the fluorescent
material remained relatively stationary). Scale bar: 250 nm. (D) Histograms
Mobility in the Synaptic Vesicle Cycle 681to use caffeine in the absence of extracellular divalents,
which stimulates the release of a limited amount of calcium
from intracellular stores, sufficient for exocytosis; the subse-
quent endocytosis is nevertheless inhibited (26). We found
that the caffeine and BWSV treatments increased exocytosis
by ~32% and ~60%, respectively, as observed by quanti-
fying the amount of synaptotagmin on the surface membrane
(n ¼ 3 independent experiments; increases were significant,
p < 0.05, t-test).
We used these different protocols to investigate the
mobility of fused vesicle material (Fig. 5 A). Endocytosis
was severely inhibited in all three cases, as observed by
quantifying the amount of vesicle material remaining on
the plasma membrane at different time points after labeling
(Fig. 5 B). The movement of fused components is presented
in Fig. 5 C (see also Movie S5). Tracking suggested that the
surface pool is mobile under normal (unstimulated) condi-
tions, and that the mobility increases after stimulation via
either BWSV or caffeine (Fig. 5 D). This suggests that under
normal conditions, the surface fraction of vesicle material is
kept at a (relatively) low mobility, perhaps in the form of cla-
thrin-coated pits (see below). The fused material escapes the
mechanisms that limit mobility when its quantity is increased
by stimulation.
When the movement of fused synaptic vesicle compo-
nents was monitored over time, the signal bleached relatively
rapidly, with little fluorescence entering the imaged area after
~15 s (Fig. 5 E). When a nonspecific antibody (a clone 604.2
antibody against synaptotagmin, directly labeled with
Atto647N, which completely lost specificity due to the
labeling; Fig. S4) was used, the entry of labeled antibodies
in the imaged area was observable for much longer. The frac-
tion of particles that persisted at equilibrium in the imaged
area, maintained through constant entry of labeled anti-
bodies, was 26% 5 1% (mean 5 SE) for the nonspecific
labeling, which is substantially higher than the 4.1% ob-
tained for surface-stained nerve terminals (Fig. 5 E, noof median trace speeds. Note the higher mobility for caffeine and BWSV.
Each histogram contains 2500–3000 values. (E) Motion analysis by bleach-
ing. We quantified the amount of fluorescent particles per 50 movie frames,
expressed as a fraction of the particle number in the initial 50 frames. The SE
is derived from different movies. With bleaching, the number of particles
decreases rapidly for both surface staining and internalized vesicles. In
contrast, fluorescence persists at a much higher level in a preparation stained
with an antibody that binds nonspecifically to the membrane (and is there-
fore presumably not limited in its movement), as unbleached dye constantly
enters the field of view. SV ¼ synaptic vesicles (in contrast to surface stain-
ing, as shown in all other traces). (F) Model of vesicle motion. Resting,
mature vesicles are immobile (blue, i). Vesicle mobility does not change
upon stimulation (ii). Vesicle material may move after fusion (iii), but
a substantial fraction has low mobility (iv). Endocytosis (v) generates the
recently endocytosed mobile vesicles (red, vi). Repeated recycling keeps
these vesicles in the mobile pool (vii), but eventually they integrate into
the resting vesicle cluster (viii). Both the resting and recently endocytosed
vesicles move between clusters/synapses (ix).
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682 Kamin et al.divalents) or the 8.6% and 9.8% obtained for the caffeine and
BWSV treatments.
To investigate the potential sequestering mechanisms that
keep the motion of fused vesicles to a relatively low level, we
immunostained the cultures (as in Fig. 2) with antibodies
against clathrin or amphiphysin (Fig. S5 A). A significant
(p < 0.01, t-test) correlation between the fused synaptic
vesicle material and these endocytosis markers was found
(Fig. S5 B), suggesting that some of the fused vesicles may
already be in the form of clathrin-coated pits.DISCUSSION
In this work, we generated a model of vesicle mobility
(Fig. 5 F) that is substantially more complex than the classic
one (cf. Fig. 1 A). Resting vesicles (blue) are immobile (i), as
proposed previously. Stimulation, in contrast to the previous
hypothesis, does not result in any change in motion (ii). After
fusion, the vesicle material may move away (iii), but
a substantial fraction has only low mobility (iv). The endocy-
tosis process (v) results in the appearance of recently
endocytosed mobile vesicles (red, vi). These vesicles may
fuse again and thus remain in the mobile pool (vii), but
they eventually lose their mobility and integrate into the
resting vesicle cluster (viii). Both the resting and recently en-
docytosed vesicles are exchanged between synapses (ix).
Our results, obtained by labeling vesicles with antibodies,
are in agreement with findings derived from other techniques
such as styryl (FM) dye labeling (which would be expected,
since the two approaches stain the same vesicles (5,7)),
which showed that vesicles move between and within
synapses (9,13,15), exchange between synapses (15), and
may also appear fairly immobile within synapses (9,13).
We discuss the implications of the different steps below.
The finding that the resting vesicles are immobile (i)
reconciles our previous observations (16) with the numerous
low-mobility values reported in the literature. The physiolog-
ical role of this inert resting pool is likely limited, since the
organelles forming the part of the cluster away from the
active zone would rarely fuse. However, it is possible that
the resting vesicles found at the active zone would fuse
upon stimulation and therefore become active vesicles
(note that a substantial fraction of these vesicles can fuse
upon tetanic, unphysiological stimulation, for example
(29)). It has been shown that in the frog neuromuscular junc-
tion, the reserve pool is also immobile, unlike the recycling
vesicles (30); however, it is possible that most reserve vesi-
cles are less releasable in hippocampal cultured synapses
than in neuromuscular preparations, which may be one
reason for their immobility.
Stimulation (ii) results in no changes in vesicle motion.
Our results provide a simple explanation for this puzzling
observation: First, the mobile vesicles are already mobile
enough to reach the active zones, and therefore stimulation
only changes their ability to fuse, not their movement.Biophysical Journal 99(2) 675–684Second, the resting vesicles that already find themselves
docked at the active zones will simply collapse into the
membrane, without an increase in mobility. This interpreta-
tion is in agreement with the fact that many more vesicles
are docked at active zones than are likely to fuse upon
a few action potentials, possibly representing docked resting
vesicles that fuse only occasionally. In a quantitative study,
Schikorski and Stevens (23) indicated that 10–20 vesicles
are docked at active zones in our preparations, whereas
one action potential generally releases less than one vesicle
(31). Of interest, inhibiting synaptic activity by the addition
of TTX slowed the movement of recently endocytosed vesi-
cles. To our knowledge, our observation that synaptic
silencing decreases vesicle mobility provides the first corre-
lation between vesicle motion and synapse activity. This
observation is in agreement with the synapsin hypothesis
of vesicle movement (32), which states that the synapsin
molecules bind to both actin and synaptic vesicles, thereby
fixing and cross-linking the clustered vesicles. Upon stimu-
lation and calcium entry into the nerve terminals, synapsin
is phosphorylated and unbinds from the vesicles, which
would increase their motion. A cessation of activity would
decrease calcium entry and synapsin phosphorylation, and
would thus trigger a stronger cross-linking of the vesicles
(note, however, that the role of synapsin in vesicle move-
ment is still under scrutiny (33)).
It has been proposed that the vesicle molecules diffuse
widely out of the synapses after exocytosis (iii and iv), and
the vesicle structure is therefore lost upon fusion
(14,34,35). We found, surprisingly, that the motion of fused
vesicle components is no higher than that of recently endo-
cytosed vesicles, at least under normal conditions (in the
absence of additional stimulation). This observation is in
agreement with our recent finding that synaptotagmin mole-
cules are found on the plasma membrane in multimolecular
clusters that likely represent fused vesicles (17) and may
contain not only synaptotagmin but also other vesicle
components (36). A number of arguments can be made in
favor of this interpretation. First, the presence of several of
the labeled molecules in stable (low-mobility) spots argues
against a free-diffusion model (which would be expected
for single molecules). Second, their (weak) association
with clathrin points in the direction of multimolecular aggre-
gates. Third, a free-diffusion model would predict that free
molecules would constantly enter the imaged area, which
was not the case (few vesicle components entered after
~15–20 s of imaging). Altogether, our observations suggest
that after fusion, the vesicle material does not disaggregate
into widely diffusing components; rather, it remains as
patches of relatively low mobility that are then targeted by
the clathrin machinery. The pits are unlikely to have pro-
gressed far beyond the initial coating stages, since almost
no endocytic vesicle openings (U figures) can be found
without stimulation (37,38), and thus may be partly assem-
bled synaptic vesicle material/clathrin machinery aggregates.
Mobility in the Synaptic Vesicle Cycle 683The advantage of having low-mobility clathrin-coated pits in
the boutons has been indicated by the experiments of Gandhi
and Stevens (31), who noted that upon stimulation, vesicles
could be rapidly endocytosed. This would be possible only if
the vesicle material were stably maintained at an endocytosis
site from which it could be retrieved. The increase in
mobility after BWSV or caffeine treatments likely results
from some of the newly fused material being outside of the
clathrin-coated pits, since it is known that some vesicles
may escape the clathrin mechanisms even after substantial
stimulation (39).
In perhaps our most important observation, we found that
endocytosis (v) results in the formation of a class of vesicles–
the mobile, recently endocytosed vesicles (vi)—that are
widely different from the resting ones. This finding is in
agreement with a FRAP study at the frog neuromuscular
junction, which indicated that the recycling pool is more
mobile than the so-called reserve pool (30). However, this
is the first time, to our knowledge, that a change in vesicle
behavior has been noted after endocytosis. Virtually all
models of synaptic vesicle recycling predict that a perfect
vesicle will result after endocytosis (1), a process that would
take at most a few minutes. Our results indicate that the vesi-
cles remain mobile for substantial amounts of time (tens of
minutes at room temperature) before integrating into vesicle
clusters. The importance of this mobility can only be
surmised; it would certainly allow these vesicles to arrive
at the active zones and eventually fuse again (vii), but
many other models of directed motion would serve this
purpose much better.
The molecular changes underlying the change from the
mobile to the resting state (viii) are difficult to pinpoint at
present. However, one suggestion is provided by the fact
that inactivity speeds the process, and, conversely, the
mobile vesicles escape cluster integration (and the loss of
mobility) by repeated recycling. It has been shown that fused
vesicles do not contain synapsin (40), the molecule that is the
most likely candidate for enabling the cross-linking of
synaptic vesicles (see above). Therefore, we speculate that
the vesicles lose synapsin during or after exocytosis, with
the recently endocytosed vesicles becoming free of it and
therefore mobile. As long as these vesicles remain synap-
sin-free, or bind only a limited number of synapsin
molecules (note that an average vesicle contains ~8 synapsin
molecules (41)), they will continue to be mobile. They even-
tually will bind more synapsin molecules (as suggested by
Bloom et al. (40)) and become less mobile as the synapsin
cross-links them to other vesicles and forces them onto hot
spots in the vesicle clusters. We tentatively describe this
process as the maturation of a mobile vesicle into a cluster-
integrated one.
We conclude that the mobility of the synaptic vesicle
changes during the recycling process, with the most striking
difference being between the immobile resting vesicles and
the highly mobile, recently endocytosed vesicles.SUPPORTING MATERIAL
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